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Abstrat
Analysis of semi-inlusive DIS hadroprodution suggests broadening of transverse momentum
distributions at x below a few 10−3, whih an be modeled in the Collins-Soper-Sterman formalism
by a modiation of impat-parameter-dependent parton densities. We disuss the onsequenes
of suh a modiation for the prodution of eletroweak bosons at hadron-hadron olliders. If
substantial small-x broadening is observed in forward Z0 boson prodution in the Tevatron Run-2,
it will strongly aet predited qT distributions for W
±
, Z0, and Higgs boson prodution at the
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I. INTRODUCTION
Moderately heavy partiles with masses about 100 GeV an be opiously produed in
hadron ollisions at TeV energies. Prodution and observation of suh partiles is aompa-
nied by intense hadroni ativity, whih aets overall rates and dierential ross setions.
Radiation of several hadrons of relatively low energy may produe a strong reoil eet on the
heavy partile. Calulations in perturbative quantum hromodynamis (PQCD) may have
to be reorganized to resum large logarithms assoiated with multiple hadroni radiation.
Eletroweak symmetry breaking in the standard model introdues vetor bosons W± and
Z0 with masses of about 80 and 91 GeV, and a salar Higgs bosonH0 with a likely mass below
250 GeV, as suggested by global ts of eletroweak data. Supersymmetri extensions of the
standard model require existene of several types of salar bosons, with the lightest naturally
having a mass below about 140 GeV in the minimal supersymmetri standard model [1℄.
Identiation of heavy bosons relies on understanding of transverse momentum distributions
for heavy bosons and their deay produts, as well as for bakground proesses. Short-lived
bosons are ommonly deteted by observing their deay into a pair of olor-neutral partiles
with large transverse momenta (of order of a half of the boson's mass) in the laboratory
referene frame. Furthermore, the mass MV of the heavy boson (e.g., W boson) an be
determined from the transverse momentum distribution of the deay produts.
When the boson's transverse momentum qT is muh smaller than the boson's virtuality
Q, the alulation of the transverse momentum distribution must evaluate an all-order sum
of large logarithms lnn(qT /Q). The resummation of small qT logarithms an be realized using
one of several available methods; see [2, 3, 4, 5, 6, 7℄ for some reent referenes. As stated
by Collins, Soper, and Sterman (CSS) in Ref. [8℄, at moderate energies all large logarithms
are generated by a produt of a soft (Sudakov) exponential and speial parton distribution
funtions in the impat parameter (b) spae. The b-spae resummed form fator an be
evaluated in PQCD at large Q (Q2 ≫ Λ2QCD) and small b ( b2 ≪ Λ−2QCD). Its alulation
is possible due to the ollinear fatorization of hadroni ross setions, valid when Q is
not small ompared to the total energy
√
S of the hadroni ollision. The CSS approah
desribes well the available qT data from xed-target Drell-Yan experiments and Z boson
prodution at the Tevatron [9℄.
2
In this paper,
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we disuss possible deviations from this established piture that may
our in the new range of energies aessible to the Large Hadron Collider (LHC). As we
move from the 1.96 TeV pp¯ ollider Tevatron to the 14 TeV pp ollider LHC, the typial
fration of the ollision energy going into prodution of moderately heavy bosons dereases
below one perent, leading to several new eets. Transverse momentum distributions of
W and Z bosons an be altered at small momentum frations x by inreased ontributions
from qg and gg hard sattering, whih tends to produe eletroweak bosons with larger
transverse momenta as ompared to the dominant proess of qq¯ sattering. One also expets
enhanement of the logarithms ln(1/x) in the matrix elements of order α2s and beyond, the
eet not ompletely aounted for in the onventional qT resummation. Suh logarithms
may be enhaned by a larger QCD oupling strength αs at qT less than a few GeV, even
when they are negligible in inlusive ross setions depending on one hard sale Q≫ 1 GeV.
Finally, omplex nonperturbative dynamis ontributing at b & 1 GeV−1 may also depend
on x. At present, the magnitude of the x-dependent orretions to W , Z, and Higgs boson
prodution at the LHC energy is largely unknown, in part beause no experimental data on
qT distributions is available yet in Drell-Yan-like proesses at x of a few 10
−3
or less.
Resummation of qT logarithms at qT/Q → 0 and x ≫ 0 is realized in the Dokshitzer-
Gribov-Lipatov-Altarelli-Parisi (DGLAP) piture of hadroni sattering [12, 13, 14, 15℄,
whih assumes that the dominant parton emissions are strongly ordered in transverse mo-
menta. At asymptotially high ollision energies (x ∼ Q/√S → 0 with qT/Q xed), the
ollinear DGLAP fatorization is superseded by the o-shell fatorization in the Balitsky-
Fadin-Kuraev-Lipatov (BFKL) framework [16, 17, 18℄, whih sums up leading logarithms of
1/x, while inluding qT logarithms at a nite order of αs only. When neither DGLAP nor
BFKL dynamis dominates (for instane, when both x and qT are small), methods for simul-
taneous summation of qT and 1/x logarithms (e.g., the Ciafaloni-Catani-Fiorani-Marhesini
equation [19, 20, 21, 22℄) may be needed. Together with the inreased magnitude of qg and
gg sattering, redued onvergene of the perturbation series in the DGLAP framework may
signal transition to the small-x dynamial regime at the existing olliders.
Some of the transition phenomena may be already observed in part of phase spae at
1
Our results were partly presented in Ref. [10℄ as a ontribution to the 3d Les Houhes workshop Physis
at TeV olliders [11℄.
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the ep ollider HERA. The analog of the Drell-Yan proess in lepton-nuleon deep inelasti
sattering is semi-inlusive prodution of hadroni nal states, e+ p
γ∗−→ e+ hadron(s)+X .
The CSS resummation formalism an be applied to semi-inlusive deep inelasti satter-
ing (SIDIS) to desribe the dependene on the Lorentz-invariant transverse momentum qT
[23, 24℄. Refs. [25, 26℄ have ompared preditions of qT resummation to the data for the
transverse energy ow in the urrent fragmentation region [27, 28℄. The experimentally
observed qT distribution at x below 10
−2
beomes wider as x dereases. This broadening
of qT distributions was modeled by inluding an extra x-dependent term in the resummed
form fator. To desribe the data, the extra term must grow quikly as x→ 0. It provides
a phenomenologial parametrization for all substantial fators responsible for x dependene
beyond that inluded in the O(αs) resummed qT ross setion. For example, large orre-
tions from hard sattering of order O(α2s) substantially modify the SIDIS ross setion at
large transverse momenta [29, 30, 31, 32℄, and suh orretions are also likely important at
small qT (not disussed in the published studies). Apart from the hard-sattering ontri-
butions, the dynamis of ollinear radiation may hange at moderately small x (x < 10−2)
and small energy sales (1/b < 1− 2 GeV) as a result of preasymptoti suppression of gluon
splittings by BFKL logarithms [33℄. Both enhanement of perturbative sattering at larger
qT and preasymptoti BFKL suppression of ollinear radiation at smaller qT would result in
broader qT distributions.
While a systemati framework desribing all x-dependent eets is yet to be developed,
some preditions an be made by exploiting universality of soft and ollinear radiative or-
retions, whih dominate the SIDIS energy ow data at qT < 2− 3 GeV. For this reason, we
employ the phenomenologial parametrization for the small-qT ross setion found in SIDIS
to predit the x dependene of qT distributions at x . 10
−2
at hadron-hadron olliders. The
proposed new form of the Drell-Yan resummed form fator at x . 10−2 is given by
W˜ (b, Q) = W˜BLNY (b, Q)e
−ρ(xA)b
2−ρ(xB)b
2
, (1)
where W˜BLNY (b, Q) is the resummed form fator found in the global t [9℄ to the Drell-Yan
data at larger x, and the exponential e−ρ(xA)b
2−ρ(xB)b
2
parametrizes the small-x broadening.
New phenomena at small momentum frations may have onsequenes for preision mea-
surements and searhes for new physis. Modiations in the transverse momentum distri-
butions forW and Z bosons will aet the measurements of theW boson mass and width, as
4
well as the W and Z boson bakground in the searh for new gauge bosons, supersymmetry,
partile ompositeness, extra spatial dimensions, et. At the LHC, the qT broadening may
aet detetion of the Higgs bosons by altering qT distributions of Higgs bosons and the
relevant QCD bakground.
We examine possible small-x eets inW, Z, and Higgs boson prodution at the Tevatron
and LHC. Sizable qT broadening may our at both olliders. The validity of our model an
be tested in the immediate future by the analysis of forward rapidity qT distributions in the
Tevatron Run-2. An observation of signs of qT broadening at the Tevatron will suggest a
large magnitude of this eet at the LHC.
In Setion II, we propose a relationship between the SIDIS and Drell-Yan qT distribu-
tions based on fatorization properties of the CSS resummed ross setion. To desribe the
enhaned x-dependent ontributions, we inlude in the resummed form fator an additional
phenomenologial term determined from the SIDIS data. In Setion III, we predit within
this model the qT distributions in prodution of W and Z bosons in the forward region at
the Tevatron and the entral region at the LHC. We also explore impliations for light Higgs
boson prodution via gluon-gluon fusion at the LHC. The appendix reviews the rapidity
overage at the existing hadron olliders.
II. RELATIONSHIP BETWEEN THE RESUMMED CROSS SECTIONS IN
DRELL-YAN AND SEMI-INCLUSIVE DIS PROCESSES
A. Resummed form fator in eletroweak boson prodution
We start by disussing prodution of the eletroweak bosons at moderate ollision energies
√
S, when the ratio Q/
√
S is large, but not very lose to unity. At suh energies, the
logarithms ln(x) or ln(1 − x) of the partoni momentum frations x are of a moderate
magnitude in most of the events. This situation is typial for the prodution of Drell-Yan
lepton pairs in xed-target experiments and W or Z bosons at the Tevatron.
At small transverse momenta qT , the dierential ross setion takes the form [8℄
dσ
dQ2dydq2T
=
∫ ∞
0
bdb
2pi
J0(qT b) W˜ (b, Q, xA, xB) + Y (qT , Q, xA, xB), (2)
where y = (1/2) ln [(E + pz)/(E − pz)] is the rapidity of the vetor boson, xA,B ≡ Qe±y/
√
S
are the Born-level partoni momentum frations, and J0(qT b) is the Bessel funtion. The
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integral is the Fourier-Bessel transform of a form fator W˜ (b, Q, xA, xB), given in impat
parameter (b) spae. It ontains an all-order sum of the logarithms αns ln
m(q2T/Q
2), whih
dominates in the small-qT region. Y (qT , Q, xA, xB) is the regular part, dened as the dif-
ferene of the xed-order ross setion and expansion of the Fourier-Bessel integral to the
same order of αs. It is numerially small at qT → 0.
W˜ (b, Q, xA, xB) an be expressed as a produt of Born-level prefators σ
(0)
ab , a Sudakov
exponent e−S(b,Q), and b-spae parton distributions P (T )a (x, b):
W˜ (b, Q, xA, xB) =
pi
S
∑
a,b
σ
(0)
ab e
−S(b,Q) P (T )a (xA, b) P
(T )
b (xB, b). (3)
This form will be referred to as the CSS representation. It has been stated as a fatorization
theorem in Ref. [8℄ and reently proved in Ref. [34℄.
2
The summation in Eq. (3) is over the
relevant parton avors a and b. In the approximation of a vanishing width of the boson, the
non-zero Born-level prefators are given by
σ
(0)
ij¯
=
pi
3
√
2M2WGF |Vij|2 δ(Q2 −M2W ) (4)
in W boson prodution for i = u, d, ..., j¯ = u¯, d¯,...;
σ
(0)
i¯i
=
pi
12
√
2M2ZGF
((
1− 4 |ei| sin2 θw
)2
+ 1
)
δ(Q2 −M2Z) (5)
in Z boson prodution for i = u, d, ...; and
σ(0)gg =
α2sQ
2
576pi
√
2GF δ(Q
2 −M2H) (6)
in Higgs boson prodution. Here MW , MZ , and MH are the masses of the W, Z, and Higgs
bosons, GF is the Fermi onstant, θw = sin
−1 (1−M2W/M2Z) is the weak mixing angle,
Vij is the Cabibbo-Kobayshi-Maskawa matrix, and ei = 2/3 or −1/3 are the frational
quark harges for up- or down-type quarks. The prefator (6) for Higgs boson prodution
is derived by using the eetive ggH vertex in the approximation of innitely heavy top
quarks [35, 36, 37, 38℄. This approximation works well for the Higgs bosons that are lighter
than the top quark.
2
The fatorization for the resummed form fators in the Drell-Yan and SIDIS proesses has been also
demonstrated reently within the framework based on gauge-invariant b-dependent parton distributions
[6, 7℄.
6
The Sudakov term S(b, Q) is an integral of the funtions A (αs(µ¯)) and B (αs(µ¯)), whih
an be alulated in PQCD when b is small (b2 ≪ Λ−2QCD):
S(b, Q) =
∫ Q2
b20/b
2
dµ¯2
µ¯2
[
A (αs(µ¯)) ln Q
2
µ¯2
+ B (αs(µ¯))
]
. (7)
b0 ≡ 2e−γE is a onstant parameter involving the Euler onstant, γE = 0.577... . Approxi-
mation of S(b, Q) at a nite order of αs yields the perturbative Sudakov fator SP (b, Q).
The perturbative oeients A(i) and B(i) for the funtions A (αs(µ¯)) and B (αs(µ¯)) up to
the next-to-next-to-leading order are published in Refs. [8, 39, 40℄ for the Drell-Yan proess,
and Refs. [41, 42, 43, 44, 45℄ for Higgs boson prodution.
3
The form fator (3) depends on the light-one momentum frations xA and xB through
the funtions P(T )a (x, b). In the CSS representation, we distinguish between the funtions
P(T )a (x, b) and P
(S)
a (x, b) appearing in reations with timelike (T ) and spaelike (S) ele-
troweak bosons. The relationship between P (T )a (x, b) (relevant to the Drell-Yan proess) and
P(S)a (x, b) (relevant to SIDIS) is disussed later in this setion. Expansion of P
(T )
a (x, b) in
leading powers of b at b→ 0 gives [46℄
P(T )a (x, b) =
∑
c
∫ 1
x
dξ
ξ
Cin (T )a/c
(
ξ, b, αs
(
b0
b
))
fc
(
x
ξ
,
b0
b
)
+ ... ≡
[
Cin (T )a/c ⊗ fc
]
(x, b) + ... .(8)
Here Cin (T )a/c (x, b, αs(b0/b)) are the Wilson oeient funtions for inoming (in) partons,
and fc(x, b0/b) are the onventional parton distributions (integrated over the parton's trans-
verse momentum kT ). The ellipses denote the terms that are suppressed by positive powers
of b. The renormalization and fatorization sales on the right-hand side of Eq. (8) are equal
to b0/b. Whenever the series in powers of αs(b0/b) and b in Eq. (8) onverge, P (T )a (x, b) an
be approximated by negleting the positive powers of b, evaluating Cin (T )a/c at a nite order of
αs, and using a parametrization for fc(x, µ) from a phenomenologial global t. Estimates
for Cin (T )a/c of order O(αs) an be found in Refs. [8, 42, 43℄.
Contributions from nonperturbative impat parameters (b & 1 GeV−1) are suppressed
at Q → ∞ by the shape of W˜ (b, Q, xA, xB) and osillations of J0(qT b). Nonetheless, mild
sensitivity to the large-b behavior remains inW and Z boson prodution when qT is of order
a few GeV. The fatorization of W˜ (b, Q, xA, xB) predits universality of the nonperturbative
terms within lasses of similar proesses, suh as prodution of Drell-Yan pairs, W , and Z
3
Equations in this paper orrespond to the anonial hoie [8℄ of the momentum sales.
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bosons. While the nonperturbative terms annot be alulated yet from the rst priniples,
they an be introdued in the alulation by using one of the available models. The present
Drell-Yan and Z boson data at x above a few 10−2 is onsistent with universality, as it was
demonstrated reently [9℄ within the b∗ model [8, 47℄ for the nonperturbative terms. The
b∗ model parametrizes the resummed form fator as
W˜ (b, Q, xA, xB) = W˜
pert(b∗, Q, xA, xB) e
−SNP (b,Q;b∗), (9)
where
W˜ pert(b∗, Q, xA, xB) ≡ pi
S
∑
a,b
σ
(0)
ab
[
Cin (T )a/c ⊗ fc
](
xA,
b0
b∗
) [
Cin (T )b/d ⊗ fd)
](
xB,
b0
b∗
)
e−SP (b∗,Q)(10)
is the perturbative approximation for W˜ (b, Q, xA, xB), evaluated as a funtion of b∗ ≡ b(1 +
b2/b2max)
−1/2
for bmax ∼ 1 GeV−1. The nonperturbative Sudakov funtion,
SNP (b, Q; b∗) ≡ − ln
[
W˜ (b, Q, xA, xB)
W˜ pert(b∗, Q, xA, xB)
]
, (11)
is determined from the experimental data. If the avor dependene of large-b ontributions
is negleted (a reasonable rst approximation in reations dominated by the sattering of u
and d quarks), SNP (b, Q; b∗) is straightforwardly related to the true Sudakov fator S(b, Q)
and b-dependent parton distributions P (T )a (xA, b) in Eq. (3):
SNP (b, Q; b∗) ≈ S(b, Q)− SP (b∗, Q)− ln
(
P(T )a (xA, b)
P(T )a (xA, b∗)
)
− ln
(
P (T )b (xB, b)
P(T )b (xB, b∗)
)
. (12)
This representation realizes the generi form for SNP (b, Q; b∗) found in Ref. [8℄,
SNP (b, Q; b∗) = gS(b, lnQ; b∗) + ga(b, xA; b∗) + gb(b, xB ; b∗),
where gS, ga, and gb are some funtions of the shown arguments. Several analyses have
been arried out in the past in order to onstrain SNP (b, Q; b∗) from the Drell-Yan data
[48, 49, 50, 51, 52℄. In the present work, we use the BLNY parametrization SBLNYNP [9℄, given
by
SBLNYNP (b, Q; b∗) =
[
0.21 + 0.68 ln
(
Q
3.2 GeV
)
− 0.126 ln (100xAxB)
]
b2 (13)
for bmax = 0.5 GeV
−1
. This hoie of parameters yields good agreement with the Drell-Yan
data and is onvenient for omparison with the qT t in SIDIS, whih was also performed
8
for bmax = 0.5 GeV
−1
. Alternative forms for the parametrization of W˜ (b, Q, xA, xB) at large
b have been also onsidered [3, 5, 53℄. Studies [54, 55℄ of the general struture of the large-
b ontributions with the methods of infrared renormalon analysis have demonstrated, in
partiular, that the leading power-suppressed ontribution is quadrati in b (Gaussian), i.e.,
that SNP ∼ b2, as in Eq. (13).
Sine xAxB = Q
2/S, SBLNYNP (b, Q; b∗) is independent of the boson's rapidity. It will be
used in Setion III to predit the W and Z boson resummed ross setions in the ase when
all rapidity dependene is ontributed by
[
Cin (T )a/c ⊗ fc
]
(x, b0/b∗). By omparing Eqs. (12)
and (13), we nd that the logarithmi ombination of P(T )a (x, b),
ln
(
P (T )a (x, b)
P (T )a (x, b∗)
)
≈ ln
 P(T )a (x, b)[
Cin (T )a/c ⊗ fc
] (
x, b0
b∗
)
 ≡ c(T )(x, b; b∗), (14)
is a slowly varying funtion of x (denoted by c(T )(x, b; b∗)). Therefore,
P(T )a (x, b) ≈
[
Cin (T )a/c ⊗ fc
](
x,
b0
b∗
)
ec
(T )(x,b;b∗), (15)
when x is larger than a few perent.
The nonperturbative funtion SNP (b, Q; b∗) may take a dierent form in gluon-dominated
Higgs boson prodution. Fortunately, the sensitivity to SNP (b, Q; b∗) is suppressed in gluon-
initiated hannels at the LHC by a larger olor fator assoiated with the perturbative
leading-logarithm ontributions. In Setion III C 2, we quantitatively estimate the eet of
the unertainty in SNP (b, Q; b∗) on the Higgs boson ross setion.
B. Resummed form fator at small x
As x → 0, the approximation (15) for P(T )a (x, b) may be altered beause of the re-
dued onvergene of the perturbation series at intermediate and large impat parame-
ters. The fatorized expression (3) for W˜ (b, Q, xA, xB) is derived from the requirements of
renormalization- and gauge-group invariane, and does not rely on the perturbative onver-
gene for the individual omponents, inluding P(T )a (x, b). Similar fatorization holds for the
resummed form fator in semi-inlusive deep inelasti sattering (SIDIS), e+A
γ∗−→ e+B+X
[6, 23, 24, 25℄, where A and B are the initial- and nal-state hadrons, respetively.
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SIDIS probes the x-dependene of the spaelike distributions P(S)j (x, b) for quark avors
(j = u, d, ...), whih dier from the timelike quark distributions P(T )j (x, b) by a fator r(b):
P(T )j (x, b) = r(b)P
(S)
j (x, b). (16)
This relationship is derived in Setion IID, whih also shows that r(b) is independent of x.
The experimentally observed hadroni energy ow in SIDIS [27, 28℄ is ompatible with
the following form of P (S)j (x, b) [25, 26℄ at 10−4 . x . 1:
10−4 . x . 1 : P(S)j (x, b) ≈
[
Cin (S)j/a ⊗ fa
]
(x, b∗) e
−0.013b2/x+c(S)(x,b;b∗), (17)
with
Cin (S)j/a (x, b∗) =
1
r(b∗)
Cin (T )j/a (x, b∗). (18)
The exponential exp (−0.013b2/x) results in the additional x-dependent broadening of the
qT distributions. The power of the exponential, 0.013b
2/x, is small at x≫ 10−2 and rapidly
grows at 10−4 < x < 10−2. The SIDIS t does not onstrain P (S)j (x, b) at x < 10−4. The 1/x
growth of the exponential power may be modied at very small x by the turn-on of other
sattering mehanisms, notably BFKL resummation and saturation. The remaining terms
(olletively denoted as c(S)(x, b; b∗)) do not depend strongly on x and an be numerially
important only at large x and b. The behavior of P(S)j (x, b) in the transition region x ∼ 10−2
and preise form of c(S)(x, b; b∗) are not well determined by the SIDIS t beause of the
limited auray of the data.
Aording to Eq. (16), the broadening exponential must also be present in the timelike
distributions P(T )j (x, b) and dominate at moderately small x:
10−4 < x < 10−2 : P(T )j (x, b) ≈
[
Cin (T )j/a ⊗ fa
]
(x, b∗) e
−0.013b2/x+c(T )(x,b;b∗). (19)
The funtions c(T )(x, b; b∗) and c
(S)(x, b; b∗) are in priniple related by
c(T )(x, b; b∗) = c
(S)(x, b; b∗) + ln
[
r(b)
r(b∗)
]
. (20)
We nd that the large-x form (9) of the resummed form fator is quantitatively known from
the ts to the Drell-Yan and Tevatron Run-1 Z boson data, while the leading behavior at x <
10−2 an be inferred from SIDIS. What is not preisely known is the behavior of P(T )j (x, b)
in the transition region around x ∼ 10−2. To estimate the possible impat on the Tevatron
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and LHC observables, we interpolate P (T )j (x, b) between the large-x parametrization (15)
and small-x parametrization (19) by using a smooth trial funtion ρ(x):
10−4 . x < 1 : P (T )j (x, b) ≈
[
Cin (T )j/a ⊗ fa
]
(x, b∗) e
−ρ(x)b2+c(T )(x,b;b∗). (21)
We hoose ρ(x) as
ρ(x) = c0
(√
1
x2
+
1
x20
− 1
x0
)
, (22)
where c0 ontrols the magnitude of the broadening for a given x, and x0 is a harateristi
value of x below whih ρ(x) beomes non-negligible. In the limits x ≫ x0 and x ≪ x0,
Eq. (21) redues to the large-x form (15) and small-x form (19), respetively. As a result of
the new form for P(T )j (x, b), the BLNY representation (9) is multiplied by e−ρ(xA)b2−ρ(xB)b2 :
W˜ (b, Q, xA, xB) =
pi
S
∑
a,b
σ
(0)
ab
[
Cin (T )a/c ⊗ fc
](
xA,
b0
b∗
) [
Cin (T )b/d ⊗ fd)
](
xB,
b0
b∗
)
× e−SP (b∗,Q)−SBLNYNP (b,Q;b∗) e−b2ρ(xA)−b2ρ(xB). (23)
Eq. (9) is restored from Eq. (23) when both xA and xB are muh larger than x0. The
Gaussian exponential e−ρ(x)b
2
approximately preserves the integral of the qT distribution,
and the observables inlusive in qT remain essentially unaeted. To reprodue the leading
small-x behavior in Eq. (19), our quantitative estimates for W and Z boson ross setions
in Setion III are made for c0 = 0.013 and x0 = 0.005. We will also onsider variations
around these values to examine sensitivity of the Tevatron W and Z prodution to various
broadening senarios. The ross setions for Higgs boson prodution are omputed for two
values of c0, 0.013 and 0.026, in order to evaluate the unertainty due to the unknown small-x
form of the gluon distribution P (T )g (x, b) (not onstrained by the SIDIS data).
C. Resummed z ow
In the remainder of this setion, we review the resummation in SIDIS e(k) + A(pA)
γ∗(q)−→
e(k′) +B(pB) +X and its relationship to the resummation in the Drell-Yan proess. The x
dependene of the distribution P (S)a (x, b) an be determined from the data on the hadroni
z-ow Σz , dened by [56, 57, 58℄
Σz ≡
∑
B
∫ 1
zmin
z σ(e + A→ e+B +X) dz. (24)
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The z-ow is obtained from the produt of the ross setion and nal-state light-one variable
z = (pB · pA)/(q · pA) by integrating over z and summing over all nal-state hadrons B. It
is related to the pseudorapidity (η) distribution of the transverse energy ow 〈ET 〉 in the
enter-of-mass frame (.m.) of the virtual photon and initial-state hadron A (with γ∗ moving
in the +z diretion):
q2T
dΣz
dxdQ2dqT
≡ d〈ET 〉
dxdQ2dη
, (25)
where Q2 = −q2 > 0, and x ≡ Q2/(2pA · q). The Lorentz-invariant transverse momentum
qT is a funtion of η, qT = Q(x
−1 − 1)1/2e−η [25℄. The resummation applies in the limit
qT → 0, whih orresponds to the urrent fragmentation region in the photon-hadron .m.
frame (η → +∞). In this limit, the enhaned soft and ollinear logarithms in the theory
predition must be summed to all orders.
Similarly to the Drell-Yan ase of Eq. (2), the resummed z-ow is given by a ombination
of the Fourier-Bessel transform integral and nite term Yz:
dΣz
dxdQ2dq2T
=
∫ ∞
0
bdb
2pi
J0(qT b) W˜z(b, Q, x) + Yz(qT , Q, x). (26)
Under HERA onditions, the nite piee Yz(qT , Q, x) is small at qT < 2−3 GeV. The analysis
of the SIDIS z-ow at suh qT probes universal soft and ollinear radiation desribed by the
resummed Fourier-Bessel integral. The form fator W˜z(b, Q, x) is struturally lose to the
resummed form fator (3) in the Drell-Yan proess:
W˜z(b, Q, x) =
pi
SeA
∑
j=u,u¯,d,d¯,...
σ
(0)
j e
−S(b,Q)Coutz (b)P
(S)
j (x, b), (27)
where SeA ≡ (k + pA)2,
σ
(0)
j ≡
8piα2EM
SeAx2
(
1− 2
yDIS
+
2
y2DIS
)
e2j , (28)
and yDIS ≡ Q2/(xSeA). The struture of the Sudakov exponent S(b, Q) is displayed in
Eq. (7). The spaelike distributions P(S)j (x, b) fatorize at small b as
P(S)j (x, b)
∣∣∣
b2≪Λ−2
QCD
=
[
Cin (S)j/a ⊗ fa
]
(x, b), (29)
where Cin (S)j/a (x, b, αs(b0/b)) are the spaelike Wilson oeient funtions for inoming par-
tons. Coutz (b) is a residual from the summation over the hadroni nal states:
Coutz (b) = 1 +
αs(b0/b)
pi
CF
(
−1 − pi
2
3
)
+ ... . (30)
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The right-hand side of Eq. (27) depends on x via P
(S)
j (x, b). Nonperturbative ontribu-
tions to the z-ow an be parametrized using the b∗ presription:
W˜z(b, Q, x) =
pi
SeA
∑
j=u,u¯,d,d¯,...
σ
(0)
j Coutz (b∗)
[Cinj/a ⊗ fa] (x, b∗)e−SP (b∗,Q)−SzNP (b,Q,x;b∗), (31)
where SzNP (b, Q, x; b∗) was found from an O(αs) t [26℄ to the data [27, 28℄ at
8 × 10−5 ≤ 〈x〉 ≤ 0.11 and 10 ≤ 〈Q2〉 ≤ 2200 GeV2. The leading small-x behavior of
SzNP (b, Q, x; b∗) is onsistent with inverse power dependene:
SzNP (b, Q, x; b∗) ≈
c0b
2
xp
+ ... , (32)
The best t in Ref. [26℄ quotes c0 = 0.013 and p = 1. The x-dependene shown in Eq. (32)
desribes, in partiular, the data at qT < 2 − 3 GeV, where the unertainties due to the
mathing (swithing) between the W and Y terms are small. By omparing two forms (27)
and (31) for W˜z(b, Q, x), we nd that the leading small-x term is a part of P
(S)
j (x, b), in
agreement with Eq. (17):
P(S)j (x, b) ≈
[
Cin (S)j/a ⊗ fa
]
(x, b∗) e
− 0.013b
2
x
+c(S)(x,b;b∗). (33)
Theoretial unertainties in the parametrization of P (S)j (x, b) due to nal-state fragmen-
tation, mathing, and higher-order orretions to the Y -term are redued by our hoie
of the experimental observable (z-ow) and kinematial region (qT less than a few GeV).
The exponential fator e−0.013b
2/x
parametrizes the full ontribution of higher-order radia-
tive orretions of diverse wavelengths to P(S)j (x, b). It indiates that the SIDIS qT dis-
tributions tend to beome wider at smaller x, and it attributes the observed broaden-
ing to sattering at b2 & 0.013/x. At x = 10−2 (10−4), this inequality translates into
b0/b < b0(x/0.013)
−1/2 ≈ 1.3 (13) GeV, i.e., only sattering at low and intermediate energy
sales is aeted. Several intense mehanisms beyond O(αs) may turn on at suh small x
and 1/b and ause the broadening. The rate may be inreased at larger qT (1/b > 1 − 2
GeV) by enhaned ontributions from qg and gg hard sattering, as it happens in O(α2s)
SIDIS ross setions at pT = zqT ∼ Q [29, 30, 31, 32℄. The rate may be redued at smaller
qT (1/b < 1− 2 GeV) in the probed range of x beause of the suppression of ollinear split-
tings of gluons by the logarithms ln(1/x) at higher orders of αs [33℄. In addition to these
leading-power (logarithmi in b) ontributions, the x dependene may also arise from the
unknown nonperturbative terms in P(S)j (x, b) proportional to the positive powers of b. In
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the absene of a systemati omputation of all suh eets in the resummation formalism,
the phenomenologial broadening exponential serves as an approximate model of their total
impat in the limited range 10−4 < x < 10−2 overed by the H1 data. The form of P(S)j (x, b)
is unknown at x outside of the H1 data range, so that the parametrization (33) may not be
extrapolated to x below 10−4.
D. Relationship between resummation in DY and SIDIS
The remaining step in the derivation of Eq. (23) is the relationship (16) between the
timelike distributions P(T )j (x, b) and spaelike distributions P
(S)
j (x, b). This relationship
follows from an elementary representation for spaelike (I = S) and timelike (I = T )
distributions P(I)j (x, b) [47℄:
P(I)j (x, b) =
∣∣∣H(I)j (b0/b)∣∣∣ U˜(b0/b)1/2P̂j(x, b). (34)
The funtion H(I)j (b0/b) = 1 + (αs(b0/b)/pi)H(1, I)j + ... is omposed of highly virtual or-
retions to the hard sattering vertex. The funtion U˜(b0/b)
1/2
ollets the soft subgraphs
that are attahed by gluon propagators to H(I)j (b0/b). It is the same for I = S and I = T .
P̂j(x, b) is related to the (n − 2)-dimensional Fourier-Bessel transform of the unintegrated
(kT -dependent) parton distribution funtion Pj(x,kT , ζ),
P̂j(x, b) = lim
ζ→∞
{
eS
′(b,ζ)
∫
dn−2kT e
ikT ·bP inj (x,kT , ζ)
}
. (35)
Pj(x,kT , ζ) is given in terms of the quark eld ψj by
Pj(x,kT , ζ) =
∑
spin
∑
color
∫
dy−d2yT
(2pi)3
e−ixp
+y−+ikT ·yT 〈p|ψ¯j(0+, y−,yT )γ
+
2
ψj(0)|p〉, (36)
in a gauge n · A = 0 with n2 < 0. It depends on the gauge through the parameter
ζ ≡ (p · n)/|n2|, where pµ is the momentum of the parent hadron. P̂j(x, b) is obtained from
Pj(x,kT , ζ) by taking the limit ζ →∞. The partial Sudakov fator S ′(b, ζ) in Eq. (35) was
derived in Ref. [59℄. The funtion P̂j(x, b) is the same in SIDIS and Drell-Yan proesses [34℄.
Among the three terms on the right-hand side of Eq. (34), only the hard vertex H(I)j
depends on the sign of the boson's virtuality. The funtions H(T )j and H(S)j are given by the
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same Feynman graphs in the dierent rossed hannels, i.e., for bosons of timelike virtualities
in the Drell-Yan ase and spaelike virtualities in the SIDIS ase. Therefore,
P(T )j (x, b) =
∣∣∣H(T )j (b0/b)∣∣∣∣∣∣H(S)j (b0/b)∣∣∣P
(S)
j (x, b) = r(b)P
(S)
j (x, b), (37)
where
r(b) ≡
∣∣∣H(T )j (b0/b)∣∣∣∣∣∣H(S)j (b0/b)∣∣∣ = 1 + αs
(
b0
b
)
pi
CF
4
+ . . . . (38)
A similar onsideration for b = b∗ proves the relationship (18) between Cin (S)j/a (x, b∗) and
Cin (T )j/a (x, b∗), as well as the relationship (20) between c(T )(x, b; b∗) and c(S)(x, b; b∗).
Aording to Eq. (34), the dependene of the parton distributions P (T )j (x, b) and P
(S)
j (x, b)
on x is determined by the same funtion P̂j(x, b). More generally, the x dependene of the
distributions P (I)a (x, b) (a = g, u, d, ...) is determined by the type of the parent hadron and
parton avor, but not by the type of the produed eletroweak nal state. For example, the
x dependene of P(I)a (x, b) is expeted to be the same in the Drell-Yan proess, γγ produ-
tion via qq¯ annihilation, and SIDIS; or in Higgs boson prodution and γγ prodution via gg
fusion. This happens beause all dependene of P(I)a (x, b) on the hard-sattering proess is
determined by the hard vertex funtion |H(I)a (b0/b)| [45℄, whih does not ontain x. Pa(x, b)
are automatially proess-independent in the representations for W˜ (b, Q, xA, xB) that al-
ways separate
∣∣∣H(I)a ∣∣∣ from Pa(x, b) [45, 47, 59℄. The best-t phenomenologial funtions
SBLNYNP (b, Q; b∗) and SzNP (b, Q; b∗) were obtained in the CSS representation. For this reason,
we will use this representation in the numerial analysis despite the additional omplexities
in the fatorization relations.
III. NUMERICAL RESULTS
A. Overview
In this setion, we ompare the resummed ross setions (23) with the additional broad-
ening term [ρ(x) 6= 0℄ to the resummed ross setions without suh a term [ρ(x) = 0℄. We
onsider the deay modes W± → eν, Z0 → ee¯, and H0 → γγ and disuss the impat of the
experimental aeptane uts imposed on the deay partiles. The resummation alulations
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Figure 1: Parton momentum frations xA and xB aessible in W, Z, and Higgs boson prodution
(for MH = 120 GeV) in the Tevatron Run-2 (
√
S = 1.96 TeV) and at the LHC (
√
S = 14 TeV). The
aessible ranges of xA and xB are shown by the solid lines. The ontours of the onstant rapidity
y are shown by the inlined dotted lines.
that inlude the deay of the vetor and salar bosons were desribed in Refs. [60℄ and [61℄,
respetively. The perturbative Sudakov fator was inluded up to O(α2s), and the funtions
[Cin(T ) ⊗ f ] up to O(αs). The numerial alulation was performed using the programs
Legay and ResBos [9, 60℄, and with the CTEQ6M parton distribution funtions [62℄.
For the hosen parameters, the small-x broadening ours when one or both longitudinal
momentum frations xA,B ≈MV e±y/
√
S are of order, or less than, x0 = 0.005. The aessi-
ble ranges of xA, xB, and y at the Tevatron and LHC are displayed in Fig. 1. Lower values of
xA an be reahed at the prie of pushing xB loser to unity, and vie versa. The number of
events aeted by the broadening an be determined from the rapidity distributions dσ/dy
in Fig. 2.
4
In all sattering proesses, most of the events our at relatively small |y|. The
rate in the forward regions is suppressed by the dereasing parton densities at x→ 1. The
4
The rapidity distributions and other observables inlusive in qT are insensitive to the qT broadening in
our model, due to the Gaussian form of the broadening exponential assumed in Eq. (23).
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Figure 2: Rapidity distributions dσ/dy for (a) W± boson prodution at the Tevatron and LHC;
(b) Z0 boson prodution at the Tevatron and LHC; and () Higgs boson prodution at the LHC.
broadening an be deteted at all boson rapidities if
√
S &MV /x0, or at forward rapidities
|y| & ln
[
MV /(
√
Sx0)
]
, if the ross setion is large enough to measure the qT distribution
at suh |y|. The heavy bosons are identied in the experiment by observation of seondary
partiles from their deay. The magnitude of the broadening depends on the proedure
applied to selet the deay leptons or photons. The estimates for W bosons are modied
by the integration over the unobserved rapidity of the neutrino, whih mixes ontributions
from dierent ranges of y. The impat of the boson's deay will be addressed quantitatively
in the next subsetions.
In the Tevatron Run-2 (
√
S=1.96 TeV), theW and Z bosons are predominantly produed
at xA ∼ xB ∼ MV /
√
S > x0. The broadening an only aet a relatively small fration
of the W and Z bosons with |y| & ln
[
MV /(
√
Sx0)
]
∼ 2, and it has negligible inuene
on most of the Tevatron observables. The feasibility of disovering qT broadening at the
Tevatron depends on the available detetor aeptane in the forward rapidity regions. The
rapidity overage of the DØ and CDF detetors is reviewed in the appendix. Our estimates
suggest that veriation of qT broadening at the Tevatron is viable in the near future.
At the LHC (
√
S=14 TeV), at least one momentum fration xA or xB is of order, or less
than, x0 in all W and Z boson events. Consequently the broadening is important at all
rapidities. The magnitude of the broadening at the LHC generally diers between Z, W+,
andW− bosons, due to the dierenes in the bosons' masses and rapidity distributions. The
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smaller mass of W bosons is onduive to the broadening. 70% of W+ bosons are produed
in ud¯ annihilation, enhaned at |y| > 1.5 by ontributions from valene u quarks. Most of
W− and Z bosons are produed in sattering of valene d quarks and/or sea quarks, whih
tends to put more events in the entral rapidity region. Consequently the fration of forward
rapidity events is larger in W+ boson prodution than in W− or Z boson prodution, and,
of the three boson speies, the W+ bosons are the most sensitive to the broadening. The
deay ofW± bosons mixes ontributions from dierent ranges of |y|, reduing the dierenes
between qT broadening eets in the lepton-level observables.
The Higgs bosons with the mass in the experimentally allowed range (MH> 115 GeV)
are produed via gluon fusion at somewhat larger momentum frations, suh as MH/
√
S ∼
0.0086 forMH = 120 GeV. Their rapidity distribution in Fig. 2() is narrower than in the W
and Z boson ases due to the suppression of the forward rapidity regions by the dereasing
gluon density g(x) at x → 1. Consequently the broadening is redued in the Higgs boson
signal, but may be important in the bakground proesses.
Next, we present the quantitative results for the individual sattering proesses.
B. W and Z boson prodution in the Tevatron Run-2
1. Z boson prodution
The broadening may be most easily observed in the dilepton hannel in Z boson pro-
dution in the Tevatron Run-2. The strategy here is to exlude ontributions from the
entral-rapidity Z bosons, whih are almost insensitive to the broadening. If no distintion
between the entral and forward Z bosons is made (as, e.g., in the Run-1 analysis), the
small-x broadening ontributes at the level of the other unertainties in the resummed form
fator. Fig. 3(a) shows the Z boson distribution dσ/dqT , integrated over the Z boson ra-
pidity y without seletion uts on the deay leptons. The ross setion with the broadening
term (dashed line) essentially oinides with the ross setion without suh a term (solid
line). Both ross setions are dominated by ontributions from x ∼ MZ/
√
S ∼ 0.046≫ x0,
where the broadening funtion ρ(x) is negligible.
In ontrast, the small-x broadening visibly modies dσ/dqT at forward rapidities, where
one of the initial-state partons arries a smaller momentum fration than in the entral
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Figure 3: Transverse momentum distributions of Z bosons in the Tevatron Run-2: (a) integrated
over the full range of Z boson rapidity y; (b) for events with a large Z boson rapidity, | y | > 2; () for
events with both deay eletrons registered in the forward (ye+ > 2, ye− > 2, and pTe± > 20 GeV)
or bakward (ye+ < −2, ye− < −2, and pTe± > 20 GeV) detetor regions. The solid urve is the
standard CSS ross setion, alulated using the BLNY parametrization [9℄ of the nonperturbative
Sudakov fator. The dashed urve inludes additional terms responsible for the qT broadening in
the small-x region, as in Eq. (23).
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Figure 4: Same as Fig. 3(), for the BLNY parametrization (solid), and various hoies of the
parameter x0 in Eq. (22): x0 = 0.002 (dashed), 0.005 (dot-dashed), and 0.008 (dotted).
region. Fig. 3(b) shows the ross setion dσ/dqT for Z bosons satisfying |y| > 2. The peak
of the urve with ρ(x) 6= 0 is lower and shifted toward higher qT . Fig. 3() displays the ross
setions with the aeptane uts ye± > 2, pTe± > 20 GeV or ye± < −2, pTe± > 20 GeV
simultaneously imposed on both deay leptons. The uts exlude ontributions with |y| < 2
and retain a fairly large ross setion (≈ 3.4 pb), most of whih falls within the aeptane
region (extending up to |ye| ≈ 3 in the DØ detetor). The Run-2 an probably disriminate
between the urves in Fig. 3() given the improved aeptane and inreased luminosity of
the upgraded Tevatron ollider.
To estimate sensitivity of the Tevatron Z boson prodution to unertainties in the model
for qT broadening, we vary the ontrol parameter x0 [f. Eq. (22)℄ within the limits ompatible
with the analyzed SIDIS z-ow data. The parameter x0 determines the upper boundary of
the x range in whih the broadening eets are important. As was observed in Ref. [26℄,
the qT -broadening was required in most of the range x ∈ [10−4, 10−2] in SIDIS in order
to obtain a good t to dΣz/dqT from Refs. [27, 28℄. Given this observation, x0 = 0.005
assumed in Fig. 3 is a onservative estimate of the upper boundary of the x region impated
by the broadening at HERA. Values of x0 as high as 10
−2
are ompatible with the HERA
data, while x0 ∼ 10−3 or smaller would lead to a poor t to the HERA data in the range
x ∈ [x0, 10−2].
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If x0 lies in the range 10
−3 − 10−2, the broadening remains observable at the Tevatron.
Fig. 4 shows the ross setions for x0 = {0.002, 0.005, 0.008}, ompared to the standard
BLNY result. Although the broadening is redued for x0 = 0.002, it may still be disernible
in a high-statistis data sample. On the other hand, the broadening an be also enhaned for
x0 > 0.005, as demonstrated by the urve for x0 = 0.008. The magnitude of the broadening
for a given x0 is aeted by the parameter c0, whih is anti-orrelated with the power of x
in the phenomenologial fator e−c0b
2/xp
found in the SIDIS t. Adjustments in c0 an be
ompensated in some range by varying p and without deteriorating the overall quality of
the SIDIS t. For example, the entral value c0 = 0.013 was obtained for p = 1 in the best
t [26℄ to both sets of the z-ow data [27, 28℄. The best t to the earlier of the two H1
data sets [27℄ was obtained in Ref. [25℄ for e−S
z
NP = exp [−4.58 + 0.58/√x], i.e., redution
in the negative power of x from 1 to 0.5 was partly ompensated by the inrease of c0
from 0.013 to 0.58. The magnitude of the broadening at the Tevatron for the superseded
1/
√
x parametrization is even larger than that shown in Fig. 4. Correlated unertainties
in the parameters of the SIDIS t (and possibly a ombined SIDIS/Drell-Yan t) an be
onstrained in a future dediated study, espeially after improved SIDIS data from HERA-2
beome available.
2. W boson prodution
In the absene of leptoni uts,W boson prodution is slightly more sensitive to the small-
x broadening as ompared to Z boson prodution beause of the smaller mass and wider
rapidity distribution of the W boson. The relevant qT distributions are displayed in Fig. 5.
As in the ase of the Z boson, the broadening is essentially negligible in the absene of sele-
tion uts on y or leptoni momenta [f. Fig. 5(a)℄. In the forward region |y| > 2 [Fig. 5(b)℄,
the broadening term shifts the peak of dσ/dqT signiantly. The hange δqT ≈ 750 MeV in
the position of the peak is larger than the analogous hange δqT ≈ 500 MeV in the Z boson
ross setion.
Integration over the unobserved neutrino's rapidity in the eν deay hannel mixes on-
tributions from dierent rapidities of W bosons, thus enhaning the broadening at entral
eletron rapidities and reduing the broadening at forward eletron rapidities. The strongest
eet ours when only forward eletrons are seleted. Fig. 5() shows the ross setions
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Figure 5: Transverse momentum distributions for a ombined sample of W+ and W− bosons in
the Tevatron Run-2; (a) integrated over the full range of W boson rapidities; (b) integrated over
the forward boson rapidities | y | > 2; () integrated with the seletion uts | ye | > 2, pTe > 20
GeV, ET/ > 20GeV. The solid urve is the standard CSS ross setion, alulated using the BLNY
parametrization [9℄ of the nonperturbative Sudakov fator. The dashed urve inludes additional
terms responsible for the qT broadening in the small-x region, as in Eq. (23).
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dσ/dqT with onstraints imposed on the momentum of the eletron (|ye| > 2, pTe > 20 GeV)
and missing transverse energy assoiated with the neutrino (ET/ > 20 GeV). Although visi-
ble, the dierene between the solid and dashed urves in Fig. 5() is less pronouned than
in the W boson-level distribution in Fig. 5(b) or in the Z-boson lepton-level distribution in
Fig. 3(). This is beause some events in the sample with a forward eletron rapidity and
arbitrary neutrino rapidity are due to the deay of entral-rapidity W bosons, whih are
not aeted by the broadening. In ontrast, events with two forward high-pT eletrons in Z
boson prodution are always due to the deay of forward-boosted Z bosons, and they are
more sensitive to the broadening eets.
Despite its modest magnitude, the forward qT broadening may aet the preision mea-
surement of the W boson mass MW in the Tevatron Run-2. The urrent goal of CDF and
DØ experiments is to measure MW with the auray of 30-40 MeV per experiment. The
W boson mass is ommonly extrated from the distribution with respet to the leptoni
transverse mass [63℄, dened by
MeνT ≡
√
(|pTe|+ |pTν |)2 − (pTe + pTν)2 (39)
in terms of the transverse momentum pTe of the eletron and transverse momentum pTν
of the neutrino. In the experiment, the neutrino's transverse momentum is equated to
the missing transverse energy, |pTν | = ET/ . The determination of MW from the shape of
the kinematial (Jaobian) peak in dσ/dMeνT is sarely sensitive to the boson's transverse
momentum qT .
5
We have veried that the impat of the broadening on dσ/dMeνT is negligible.
However, reonstrution of ET/ introdues a sizable unertainty in the determination ofMW .
An alternative method is to extrat MW from the distribution dσ/dpTe. This method does
not suer from the ompliations assoiated with the reonstrution of ET/ , but, as a trade-
o, it is diretly sensitive to the transverse momentum qT of the W bosons. In pratie, the
nal unertainties on MW from the transverse mass and transverse momentum methods are
omparable. As we will now show, the qT broadening an substantially aetMW determined
from the transverse momentum of eletrons in the forward alorimeter.
The distribution dσ/dpTe is shown in Fig. 6. Its Jaobian peak is loated at
pTe ∼ MW/2 ≈ 40 GeV. To better visualize perent-level hanges in dσ/dpTe assoiated with
5
More preisely, a variation δqT in the typial transverse momentum results in an error of order
δM eν
T
/M eν
T
∼ δq2
T
/M2
W
≪ 1 in the typial transverse mass.
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Figure 6: Transverse momentum distribution dσ/dpTe of the eletrons from the deay of W bosons
in the Tevatron Run-2. CTEQ6M parton densities [62℄ and BLNY nonperturbative Sudakov fator
[9℄ were used.
the broadening, we plot in Fig. 7 the frational dierene
(
dσmod/dpTe
)
/
(
dσstd/dpTe
)−1 of
the modied (mod) and standard (std) theory ross setions. The standard ross setions
are obtained by taking ρ(x) = 0 and some referene value of MW , whih we hoose to be
equal to 80.423 GeV. The modied ross setions are obtained by taking either ρ(x) 6= 0
(dotted urve) or a slightly variedW boson mass,MW+50MeV (dashed urve) andMW−50
MeV (dot-dashed urve). The impat of qT broadening on the measurement of MW an be
judged by omparing the frational dierenes due to the inlusion of the broadening term
ρ(x) 6= 0 and expliit variation of MW by ±50 MeV for ρ(x) = 0.
A small inrease ofMW results in a positive shift of the Jaobian peak, whih redues the
ross setion at pTe < MW/2 and inreases the ross setion at pTe > MW/2. A derease in
MW shifts the Jaobian peak in the opposite diretion. The broadening of dσ/dqT shifts the
Jaobian peak in the positive diretion. At |ye| < 1 or in the rapidity-inlusive sample, the
broadening an be mistaken for an inrease ofMW by 10-20 MeV, as well as unertainties in
the parton distributions and/or nonperturbative Sudakov fator [f. Fig. 7(a)℄. At |ye| > 1,
the small-x broadening exeeds the other theoretial unertainties and is omparable with
a variation of MW by more than 50 MeV [f. Fig. 7(b)℄. It remains observable even if the
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Figure 7: The frational dierene in the distribution dσ/dpTe: (a) for the entral-rapidity sample
of eletrons (|ye| < 1), and (b) for the forward-rapidity sample of eletrons (|ye| > 1). The shown
urves are explained in the main text.
eletron's energy is smeared due to the nite resolution of the detetor. The experimental
frational resolution δE/E near the Jaobian peak is typially less than 3% [64, 65℄. We
have estimated the energy smearing by onvolving dσ/dpTe with the Gaussian funtions
of the width orresponding to δE/E between 1 and 5%. In all ases, the variation in the
smeared dσ/dpTe due to the broadening has exeeded variations due to the shift of MW by
±50 MeV.
C. Eletroweak boson prodution at the Large Hadron Collider
1. W and Z bosons
At the LHC, the small-x broadening may be observed in W and Z boson prodution
at all rapidities. Very forward vetor bosons probe x down to ∼ 3 · 10−5, while the SIDIS
data onstrains the b-dependent parton distributions at x above ∼ 10−4. To stay in the
kinemati region probed by the SIDIS data, we restrit our analysis to the events in the
entral-rapidity region, whih we dene by requiring the rapidities of the deay eletrons to
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Figure 8: Transverse momentum distributions of Z bosons at the Large Hadron Collider. The
events are seleted by requiring | ye | < 2.5 and pTe > 25 GeV for both deay eletrons.
be less than 2.5.
Fig. 8 demonstrates qT distributions of entrally produed Z bosons, seleted by imposing
the uts |ye| < 2.5 and pTe > 25 GeV on both deay eletrons. The distribution with ρ(x) 6= 0
is shifted toward higher qT . The broadening shift exeeds typial unertainties in SNP : a
similar shift would result from the inrease of SNP (b,MZ ; b∗) from ≈ 3.2b2 in the BLNY
parametrization to ≈ 8b2. The qT shift is even larger in prodution of W bosons [f. Fig. 9℄,
whih we evaluate by requiring | ye| < 2.5, pTe > 25 GeV, and ET/ > 25 GeV. The smaller
mass MW and less restritive leptoni uts result in smaller typial x probed by the W
bosons, hene, in stronger broadening. The shift is slightly larger in W+ boson prodution
[f. Fig. 9(a)℄ as ompared in W− boson prodution [f. Fig. 9(b)℄ beause of the atter
y distribution for W+ bosons [f. Fig. 2(a)℄. The shown qT broadening propagates into
the leptoni transverse mass and transverse momentum distributions. Both MeνT and pTℓ
methods for the measurement of MW are aeted in this ase, in ontrast to the Tevatron,
where the MeνT method is not suseptible to the broadening.
2. Higgs boson
The small-x broadening is less spetaular, but visible, in the prodution of light Higgs
bosons via the eetive ggH vertex. Standard model Higgs bosons with mass below about
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Figure 9: Transverse momentum distributions of (a) W+ bosons and (b) W− bosons at the
Large Hadron Collider. The deay leptons are required to satisfy | ye | < 2.5, pTe > 25 GeV,
ET/ > 25GeV.
140 GeV an be distinguished above the ontinuum bakground by their deay into a pair
of highly energeti photons. The photon pairs produed from the Higgs boson deay have a
larger typial qT than the photon pairs produed from the dominant bakground proesses
qq¯ → γγ and gg → γγ.6 For this reason, seletion of photon pairs with qT above 20-30 GeV
an improve the statistial signiane of the Higgs boson signal.
The harder qT spetrum of the gg-dominated Higgs boson signal results from the larger
leading-logarithm oeient A(1) in the perturbative Sudakov fator (equal to CA = 3 in
gg hannels and CF = 4/3 = (4/9)CA in qq¯ hannels). The Higgs boson qT distribution
6
We refer to eah hard subproess aording to its Born-level ontribution, but the resummed ross setions
inlude the relevant higher-order orretions to the Born-level diagram. For instane, the resummed ross
setion for qq¯ → γγ also inludes the ontributions from qq¯ → γγg, qg → γγq, et.
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Figure 10: The transverse momentum distribution dσ/dqT of on-shell Higgs bosons at the Large
Hadron Collider: (a) integrated over the full range of boson rapidities; (b) integrated over the
forward region |y| > 2. The meaning of the urves is explained in the text.
peaks at qT = 10 − 20 GeV, as ompared to qT ∼ 5 − 10 GeV in qq¯-dominated Z boson
distribution. A harder qT spetrum weakens the impat of the nonperturbative Sudakov
funtion [61℄ and qT broadening. The broadening in the rapidity-inlusive Higgs boson ross
setion is further redued beause of the heavier Higgs boson mass and suppression of the
forward-rapidity regions, as displayed in Fig. 2(). The nonperturbative and qT broadening
terms in gg-initiated proesses are not onstrained yet by the data. In the following, we
evaluate the unertainty in the Higgs boson qT distribution by omputing the resummed
ross setions for several plausible hoies of ρ(x) and SNP (b, Q; b∗).
Fig. 10(a) shows qT distributions for on-shell Higgs bosons with a mass MH = 120 GeV
and arbitrary rapidity. We rst ompare the ross setions for ρ(x) = 0 and ρ(x) 6= 0
(thik lines), with the same funtions ρ(x) and SNP (b, Q; b∗) as in Z boson prodution.
The dierene between the two urves is minimal. The value of A(1) reets the dominant
olor ow in the sattering. The bigger A(1) in Higgs boson prodution suggests that the Q-
dependent part (and possibly other terms) in SNP may be multiplied by a larger olor fator
than in the Drell-Yan proess. To estimate this eet, we multiply SNP by CA/CF = 9/4.
The resulting ross setion (thin solid line) is lose to the other ross setions.
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The ln(1/x) terms in Higgs boson prodution may be enhaned as well, due to the diret
oupling of the Higgs bosons to gluon ladders. However, the broadening would have to
be quite large to aet qT of 20 GeV or more, i.e., near the loation of the seletion uts
on qT of the photon pair. For example, inreasing the funtion ρ(x) by a fator of two
as ompared to the Z boson ase would lead to a distribution shown by the thin dashed
line, whih remains lose to the other ross setions at qT above 20 GeV. The broadening is
enhaned in the sample with |y| > 2, whih onstitutes about 20% of the total ross setion
[Fig. 10(b)℄. In this gure, the dierenes between the urves are more substantial at all qT .
The theoretial unertainties seen in Fig. 10(b) will have to be redued to reliably predit
Higgs boson prodution at forward rapidities.
The small-x broadening will be also present in the main bakground hannels, qq¯ →
γγ and gg → γγ. Appliation of the CSS formalism in these hannels was disussed in
Refs. [66, 67, 68℄. The dominant bakground proess, qq¯ → γγ, has the same struture of
the resummed ross setion as qq¯ → Z0. In analogy to Z boson prodution, the broadening
eet in qq¯ → γγ is expeted to be stronger than in gg → H0 or gg → γγ, so that the
seletion ut on qT of the γγ pair may have to be revised. Additional measurements will be
needed to onstrain the small-x behavior in the gg hannel, e.g., by examining Υ prodution
[69, 70℄ or γγ prodution away from the Higgs signal region. As the mass of the photon pair
dereases, the subproess gg → γγ beomes inreasingly important, ontributing about 40%
of the total ross setion at Q = 80 GeV at the LHC [71℄. By omparing qT distributions
in pp → γγ and pp → Z in the same region of Q, one may be able to separate the qq¯ and
gg omponents of the resummed ross setion and learn about the x dependene in the gg
hannel.
IV. CONCLUSION
In this paper, we analyze onsequenes of possible non-trivial rapidity dependene in
transverse momentum distributions of massive eletroweak bosons at the Tevatron and LHC.
A spei mehanism onsidered here assumes enhanement of radiative orretions in the
impat-parameter-dependent parton distributions at x . 10−2. This enhanement an ex-
plain the semi-inlusive DIS data from HERA, and it leads to wider transverse momentum
distributions in the forward rapidity regions at hadron olliders. A measurement of the
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rapidity dependene of qT distributions will test for the presene of suh eets and verify
universality of b-dependent parton distributions, whih was used in this paper to relate the
SIDIS and Drell-Yan ross setions.
Due to the two-sale nature of the transverse momentum resummation, large radiative
orretions (suh as non-resummed ln(1/x) terms) may aet the qT distribution even when
they leave no disernible trae in the inlusive ross setions depending on one hard sale
Q. The Collins-Soper-Sterman resummed form fator depends on the impat parameter b,
whih speies the fatorization sale ∼ 1/b in the b-dependent parton distributions. This
sale hanges from zero to innity when b is integrated over the whole range in the Fourier-
Bessel transform to obtain the resummed qT distribution. When 1/b is muh smaller than
Q, the series αms (1/b) ln
n(1/x) in the CSS formula diverge at a larger value of x than the
series αms (Q) ln
n(1/x) in the inlusive ross setions. For this reason, the transition to the
small-x dynamis may our at larger x in qT distributions than in one-sale observables.
For a realisti hoie of parameters, the rapidity-dependent qT broadening may be disov-
ered via the analysis of forward-produed Z bosons at the Tevatron Run-2. The broadening
ould be also searhed for in the prodution of Drell-Yan pairs with a mass of a few GeV in
xed-target and ollider experiments. Due to the dierent masses and shapes of the rapidity
distributions for W±, Z0, and Higgs bosons, the magnitude of the broadening depends on
the type and harge of the boson produed, and seletion uts imposed on the deay prod-
uts. In the Tevatron Run-2, the resulting hange may shift the measured W boson mass
in the pTe method by 10 − 20 MeV in the entral region (|ye| < 1) and more than 50 MeV
in the forward region (|ye| > 1).
At the LHC, the most striking onsequene is a harder qT distribution for W bosons
displayed in Fig. 9. The predited eet may easily exeed the other unertainties in the
resummed ross setion, resulting in important impliations for the measurement of the
W boson mass from both transverse mass and transverse momentum distributions. The
seletion requirements imposed on the Higgs boson andidates in the γγ deay hannel
may have to be reonsidered to aount for the non-uniform broadening in the signal and
bakground proesses. More generally, the broadening may bring about a revision of the
earlier preditions that have negleted the orrelation between the transverse momentum
and rapidity in Drell-Yan-like proesses.
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APPENDIX: DETECTOR ACCEPTANCES AT THE TEVATRON AND LHC
In this appendix, we review the angular overage of the hadroni detetors and disuss
feasibility of the observation of qT broadening at the Tevatron and LHC.
In the Tevatron Run-2, adequate detetor aeptane at large pseudorapidities
η = − log(tan(θ/2)) is ruial for the observation of qT broadening in Z boson produ-
tion at y ≈ |η| & 2. Z bosons an be identied by registering two high-pT eletrons in the
eletromagneti alorimeter, with simultaneous positive identiation of at least one ele-
tron by the traking system. In the DØ detetor, the silion traking system extends out
to |η| ∼ 3 [72, 73, 74℄, whih provides an exellent opportunity for olleting a lean sample
of forward-boosted Z bosons in events with two registered forward eletrons.
At CDF [75℄, the unambiguous seletion of the forward-boosted Z bosons is not possible
due to the absene of traking in the forward region. The CDF detetor an eiently
trak harged eletrons in the main drift hamber at |η| < 1 and in the silion system at
|η| < 2. Low eieny traking an be done up to |η| ∼ 2.6 by taking advantage of the
longitudinally displaed ollision vertex in a fration of events. Energy deposits from the
eletrons an be registered in the plug alorimeter up to |η| ∼ 3.6. To inrease sensitivity
in the forward region, CDF ould onentrate on events with one entral (|η| < 2) and
one forward (|η| > 2) eletron. Despite ontamination by entral Z bosons, this sample
may reveal the small-x broadening one enough events are aumulated in the next years of
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Run-2.
The qT broadening in Z boson prodution an be also deteted in muon deays. However,
the overage of the Tevatron muon systems (|η| < 1.5 at CDF and |η| < 2 at DØ ) may be
insuient in the kinemati region aeted by the broadening.
Exellent opportunities to probe the x dependene of qT distributions will beome avail-
able at the LHC. Due to the larger enter-of-mass energy, the qT broadening may aet W
and Z boson prodution at all rapidities. In the ATLAS experiment, the traking in the
inner detetor extends up to |η| ∼ 2.5. The entral and forward eletromagneti alorime-
ters over |η| < 4.9, and the muon hambers over |η| < 2.7 [76℄. In the CMS detetor, the
inner traking system will register the high-pT harged partiles in the range |η| < 2.5. The
eletromagneti alorimeter extends up to |η| = 3 [77℄. Eventually, the TOTEM experiment
will extend harged partile traking and triggering apabilities of the CMS experiment into
the range 3 < |η| < 6.8 [78℄.
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